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ABSTRACT Infections with nontuberculous mycobacteria (NTM) have a poor prog-
nosis in patients with underlying respiratory diseases. Clofazimine (CFZ) showed
both experimental and clinical promising results against clinically relevant NTM.
However, there are no data on CFZ in combination with the current recommended
treatment; therefore, we aimed to study its in vivo activity in an aerosol mouse
model of Mycobacterium avium. In an aerosol infection BALB/c mouse model using
M. avium strain Chester, we treated 58 mice with four combinations of rifampin (RIF)
at 10 mg/kg, CFZ at 25mg/kg, and clarithromycin (CLR) and ethambutol (EMB) at
100 mg/kg. Treatment efficacy was assessed on the basis of lung CFU counts after 2
(M2) and 4 (M4) months of treatment. At M2, CLR-RIF-EMB was slightly but signifi-
cantly more efficient than CFZ-RIF-EMB (3.02 * 0.12 versus 3.55 *+ 0.28, respectively,
P < 0.01), whereas CLR-CFZ-EMB and CLR-CFZ-RIF-EMB dramatically decreased lung
CFU counts by 4.32 and 4.47 log,,, respectively, compared to untreated group. At
M4, CLR-RIF-EMB was significantly more efficient than CFZ-RIF-EMB (2 = 0.53 versus
2.66 *= 0.22, respectively, P = 0.01). The addition of CLZ to CLR dramatically de-
creased the lung CFU count, with CFU counts 5.41 and 5.79 log,, lower in the CLR-
CFZ-EMB and CLR-CFZ-RIF-EMB groups, respectively, than in the untreated group.
The addition of CFZ to CLR seems to improve the efficacy of CLR as early as M2 and
was confirmed at M4. CFZ, in addition to RIF and EMB, on the other hand, is less ef-
fective than CLR-RIF-EMB. These results need to be confirmed by similar studies
along with CFZ potential for shortening treatment.
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nfections with nontuberculous mycobacteria (NTM) have a poor prognosis in patients
with underlying respiratory diseases. Patients face relapses, side effects, and status
deterioration: their quality of life is greatly reduced, both because of the infection and
also because of the drug toxicity (1). The current treatment for M. avium pulmonary
disease (MAC-PD) (the most frequent NTM pulmonary disease) consists in at least three
antibiotics in combination during 12 months after sputum conversion of the samples
(i.e., 15 to 18 months) (1). The need for new, more effective, and better tolerated
treatments is therefore crucial to improving the quality of life of these patients.
Clofazimine (CFZ), a riminophenazine dye antileprosy drug, showed both experi-
mental and clinical high activity against tuberculosis (2, 3). Similarly, CFZ showed some
activity against M. avium in vitro. An in vitro synergism has been described between CFZ
and clarithromycin (CLR) and between CFZ and amikacin (AMK) (4, 5). It seems to
prevent regrowth in MAC strains exposed to AMK and CLR. Some data are available on
its potential efficacy in refractory patients and on its potential better efficacy on
MAC-PD compared to rifampin (RIF) (1, 4-6). However, there are no data on CFZ in
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TABLE 1 Mean lung CFU counts in BALB/c mice (log,y/lung)?
Mean CFU + SD (n)

Regimen M-1 DO M2 M4

Untreated 522 = 0.03(6) 512 *0.18(6) 589 +=0.22(6) 6.36 = 0.26 (6)
CLR-RIF-EMB 3.02 £ 0.12(6) 2.0 = 0.53 (6)
CFZ-RIF EMB 3.55 = 0.28 (6) 266 * 0.22 (6)
CLR-CFZ-EMB 1.57 £ 017 (6) 0.95 = 0.77 (6)
CLR-CFZ-RIF-EMB 142 = 042 (6) 0.57 = 0.8 (6)
Total of mice (n =72) 6 6 30 30

aCLR, clarithromycin; RIF, rifampin; EMB, ethambutol; CFZ, clofazimine. M-1 = 1 month before start of
treatment; DO = start of treatment; M2 and M4 = 2 and 4 months after the start of treatment, respectively.
n, number of mice used at each time point.

combination with the current recommended treatment as a potential shortening
regimen or to check the synergism activity of CFZ with CLR in vivo. Therefore, we
studied the in vivo activity of CFZ in combination in an aerosol mouse model of M.
avium pulmonary disease.

RESULTS

Results of lung CFU counts are presented in Table 1 and Fig. 1. One day after M.
avium infection (M-1), the mean CFU count of M. avium in the lungs = the standard
deviation (SD) was 5.22 = 0.03 log,,. By day 0 (D0), 1 month later, this had grown to
5.12 = 0.18. It steadily grew in untreated mice thereafter: 5.89 = 0.22 at month 2 (M2)
and 6.34 = 0.28 at M4.

After 2 months of treatment, CLR reduced lung CFU counts 0.5 log,, more than CFZ,
rendering the CLR-RIF-ethambutol (EMB) combination significantly more efficient than
the CFZ-RIF-EMB combination (3.02 = 0.12 versus 3.55 * 0.28, respectively, P < 0.01),
whereas the CLR-CFZ-EMB and CLR-CFZ-RIF-EMB combinations decreased lung CFU
counts by 4.32 and 4.47 log,,, respectively, compared to untreated group (or by 1.45
and 1.6 log,, compared to the CLR-RIF-EMB group).

After 4 months of treatment, CLR reduced lung CFU counts 0.66 log,, more than
CFZ (2 *= 0.53 for the CLR-RIF-EMB combination versus 2.66 = 0.22 for the CFZ-RIF-EMB
combination). This difference was again statistically significant (P = 0.01). The addition
of CLZ to CLR decreased the lung CFU counts, yielding CFU counts 5.41 and 5.79 log;,
lower in the CLR-CFZ-EMB and CLR-CFZ-RIF-EMB groups, respectively, compared to the
untreated group and 1.05 and 1.43 log,, lower compared to the CLR-RIF-EMB group.
The addition of RIF to the CLR-CFZ combination improved its efficacy by 0.38 log,, but
the difference was not statistically significant (P > 0.05).

Clofazimine for M. avium
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FIG 1 Lung CFU counts in BALB/c mice.
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DISCUSSION

M. avium is the most common NTM in the world (7) and, except for clarithromycin,
which is the cornerstone of the treatment, effective and safe drugs to combine with
clarithromycin are not available. Of the most effective and safest drugs, we decided to
focus on clofazimine. To our knowledge, this is the first study to suggest in vivo
synergistic activity between CLR and CFZ. In vitro activity of Clofazimine against M.
avium has been reported but inconsistently. Indeed, Huang et al. found little effect of
CFZ against clinical isolates of M. avium using the MIC (5), whereas Ferro et al. found
growth inhibition using time-kill assays but a regrowth appeared 48 to 168 h after
(depending on the CFZ concentration) (4). The MICs of CFZ against M. avium complex
vary between 0.06 and 0.25 ug/ml (4, 8). Synergistic in vitro activity has been shown
between CFZ and amikacin (8), CFZ, and bedaquiline (9) and between CFZ and CLR, but
only with delay and for lower concentrations (0.25X and 0.5X the MIC) (4). As CFZ
concentrates in macrophages, it is possible that synergistic activity of CFZ could not be
fully demonstrated in vitro but rather in vivo.

To improve CLR efficacy, the addition of CFZ would be a good candidate. In our
study, it increased the killing rate at month 2 and was confirmed at month 4. CFZ in
combination with RIF and EMB is, on the other hand, less effective than CLR-RIF-EMB.
Thus, CLR should not be replaced by CFZ in cases of CLR-susceptible MAC disease. The
role of CLR-CFZ synergy on treatment duration is still unclear, and experiments are
under way to determine whether this combination can decrease treatment duration.
Because the dosing of CFZ by inhalation suspension allows for approximately four
times higher concentrations in lung tissue than does oral dosing (10), this route of
treatment should be considered in future research to improve the efficacy of the
CFZ-CLR combination.

Our data confirmed that the model of M. avium aerosol infection is a good tool for
evaluating NTM treatment, since the SD in CFU count of untreated mice is very low.
More importantly, our data are consistent with the published use of CFZ in patients
with MAC pulmonary disease (6, 11, 12), although no study has prospectively compared
a CLR regimen to a CLR-CFZ regimen. The growing literature regarding CFZ use and
safety pleads for trials on CFZ use in first line regimen.

The main limitation to our study is the use of a non-mouse-passaged M. avium
strain. This has possibly diminished the virulence of the strain and could explain
our lower lung CFU counts at M2 and M4 than previously published (13). This can
overestimate our results. Another limitation is the choice of a mouse model without
pulmonary lung disease, but the choice of healthy BALB/c mice was made based on a
previous study on different mouse models wherein nude mice and BALB/c mice were
the most appropriate mouse model for drug susceptibility testing against M. avium (13).

This study shows a great improvement in efficacy when CFZ is associated with CLR,
which could correspond in vivo to the synergistic activity found in vitro between CLR
and CFZ. These data need to be confirmed by similar studies, along with its potential
for shortening treatment. Thus, a sterilizing activity study, evaluating three-month
relapse, is warranted.

MATERIALS AND METHODS

Mouse strain. The BALB/c female 6-week-old mice were used for this study were purchased from
Charles River, Saint-Germain Nuelles, France.

Mycobacterial strain. M. avium strain Chester (MAC 101, ATCC 700898) was used after being grown
to a log-phase culture in Middlebrook 7H9 broth (Difco, Detroit, MI) supplemented with 10% (vol/vol)
oleic acid-albumin-dextrose (OADC; Becton Dickinson, Le Pont de Claix, France) and 0.05% (vol/vol)
Tween 80 (Sigma, St. Louis, MO). M. avium cultures were incubated for 4 weeks before use in an
experiment or infection. This strain has previously been demonstrated to multiply to high numbers in
beige mice, allowing for assessment of treatment (14).

Drugs. Rifampin (RIF) was purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France), prepared
in distilled water at 10 mg/kg, and administered by gavage 1 h before other drugs in 0.1 ml. Clarithro-
mycin (CLR) was purchased from Sigma-Aldrich or Arrow Génériques (Lyon, France), solubilized in 10%
absolute ethanol and then in distilled water. Clofazimine (CFZ) was purchased from Sigma-Aldrich and
prepared in 0.05% agarose. Ethambutol (EMB) was purchased from Sigma-Aldrich and prepared in
distilled water. All stock solutions were stored at 4°C for up to 1 week.
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lungs. This murine model of MAC infection has been validated previously (13).

Antimicrobial Agents and Chemotherapy

Aerosol infection with M. avium. All animal procedures were approved by the Animal Care and Use
Committee of Amiens Picardy Jules Verne University. Mice were aerosol infected using an inhalation
exposure system (Glas-Col, Terre Haute, IN) using 10 ml of pure culture of M. avium strain Chester. One
day after infection, six mice were humanely killed to determine the number of bacteria implanted in the

Study design. Sixty BALB/c mice were simultaneously aerosol-infected with M. avium using a 7H9
broth containing 9.08 log,, CFU/ml using the inhalation exposure system. After infection, the mice from
each strain were randomized into five subgroups, and at 28 days postinfection treatment was initiated
with one of the following drug combinations: CLR-RIF-EMB (n = 12), CFZ-RIF-EMB (n = 12), CLR-CFZ-EMB
(n = 12), or CLR-CFZ-RIF-EMB (n = 12) with a 4-month period of treatment. A total of 24 mice were left
untreated. Daily drug doses were 10 mg/kg for rifampin, 25 mg/kg for clofazimine, and 100 mg/kg for
clarithromycin and ethambutol (2, 15, 16). All drugs were administered in a total volume of 0.1 ml by
esophageal cannula; rifampin was given 1 h before administration of the other drugs to avoid possible
adverse pharmacokinetic interactions (17-19). Six animals from the untreated group were sacrificed the
day after infection and on the day of treatment initiation to determine the CFU counts implanted and
pretreatment, respectively. Six animals from both treated and untreated groups were humanely sacri-
ficed at 8 and 16 weeks after the beginning of treatment to assess treatment efficacy.

Assessment of treatment efficacy. Treatment efficacy was assessed on the basis of lung CFU counts
after 2 and 4 months of treatment. Lungs were homogenized in sterile phosphate-buffered saline and
diluted.

Serial dilutions of whole-lung homogenates were plated in duplicate on selective Middlebrook 7H11

agar plates enriched with 10% OADC plus antibiotics as follows: 5% cycloheximide, 5% carbenicillin, 2.5%
polymyxin B, and 2% trimethoprim (all purchased from Sigma-Aldrich). Plates were incubated for 8 weeks
at 37°C before determining final CFU counts.

Statistical analysis. CFU counts (x) were log transformed as log,,(x + 1) before analysis. To compare

combination effects, we performed one-way analysis of variance assuming normal distribution. A P value
of =0.05 was considered significant. The Bonferroni correction was used to adjust for multiple compar-
isons, using Prism version 5 (GraphPad, San Diego, CA). A P value of <0.05 was considered significant.
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